ABSTRACT. The causal relationship between severe allergic conditions and successful pregnancy remains unclear. We aimed to evaluate reproductive performance in an experimental mouse model of atopic disease (AD), and the appearance of uterine natural killer (uNK) cells that have crucial roles in placental formation was examined. In the NC/Nga pregnant mice with moderate skin allergic lesions and an 8.6-fold elevation of plasma IgE, significant differences were not detected in the reproductive indices of the number of normal fetuses, abortion rate and placental size. There were few uNK cells in the placenta of AD mice, and they showed a significant decrease regarding the immature subtype as compared with controls. These findings revealed that AD disturbs uNK cell differentiation and provides disadvantageous effects on placental formation, although it does not arrest the pregnancy process. It may be possible that specific immunological conditions behind AD operate favorably to recover the reproductive performance.
Atopic dermatitis (AD) is a common allergic disease characterized by chronic inflammatory skin lesions and hyperproduction of IgE and Th-2-type cytokines, such as interleukin (IL)-4 and IL-13, in the blood [3, 12] . There are conflicting data from human studies regarding the relationship between AD and pregnancy. Hanzlikova et al. showed that blood levels of IL-4 and IgE were downregulated in patients with repeated pregnancy loss [2] . On the other hand, an epidemiological study has revealed that AD and allergic diseases were related to difficulty achieving a successful pregnancy [15] .
In many mammals, specific lymphocytes appear in the uteri during pregnancy [4] . In rodents and humans, the dominant subset of lymphocytes in the pregnant uterus is natural killer (NK) cells, and they frequently appear in the decidua basalis region. The uterine NK (uNK) cells can be classified into subpopulations by surface markers. The mature population has potential functions in angiogenesis, vasodilation and local blood pressure control, suggesting that these cells contribute to vascular remodeling and placental circulation [1] . However, uNK cells have other cellular profiles to produce cytotoxic proteins, such as perforin and Fas ligand [6, 7] . Generally, NK cells express Fcγ receptors, which can bind to the IgE-immune complex and activate antibody-dependent cell cytotoxicity (ADCC). Therefore, abnormal immunological conditions have the possibility of transforming uNK cell profiles to unmask cytotoxicity against fetal tissue.
NC/NgaTndCrlj (NC/Nga) mice are a valuable experimental model of AD. In response to parasitic ticks or hapten stimulation, these mice develop severe skin lesions, enhanced blood levels of IgE and increased production of IL-4 and IL-13 [11] . In the present study, we evaluated the influence of AD on reproductive performance and uNK cellular profiles by using pregnant NC/Nga mice with AD.
Female NC/Nga mice were purchased from Charles River Japan (Yokohama, Japan). The experimental group was housed in a conventional breeding room and received first application of 5% picryl chloride dissolved in olive oil to the head and back, followed by repeated application of 0.8% picryl chloride for 1weak, according to the recommended protocol [8] . Following confirmation of moderate skin lesions and pruritic dermatitis, NC/Nga mice were mated with ICR male mice. Control NC/Nga female mice were received applications of olive oil in the same manner as the experimental group under specific pathogen free (SPF) condition and were mated with SPF-grade ICR male mice. The morning that a vaginal plug was detected was considered day 0 of pregnancy. On days 10 and 12 of pregnancy, blood and uteri were collected. Experiments were approved by the Ethics Committee for Animal Experiments at Yamaguchi University, and all animals were treated with humane care in keeping with the Yamaguchi University Experimental Guidelines. The plasma IgE level was measured by using a Mouse IgE ELISA kit (Bethyl Labs, Montgomery, TX, U.S.A.). Each implantation site was visually checked regarding fetal viability and fixed with Bouin's reagent. Tissue from the central region of the implantation site was cut transversally and prepared as 4 µm-thick paraffin-embedded sections. Some sections were used for periodic acid Schiff (PAS) staining, and the thickness of the placenta and each component region was measured by using a Biozero microscope system (Keyence, Osaka, Japan). Other tissue sections were used for staining with Dolichos biflorus agglutinin (DBA) lectin, which is a specific marker for uNK cell classification [10] . Briefly, deparaffinized sections were incubated with biotinylated-DBA lectin (Vector Labs., Burlingame, CA, U.S.A.) at 4°C overnight. Specific reactions were detected with Avidin-Biotin Complex solution (Vector Labs) and 3-3′diaminobenzidine tetrachloride. The number of uNK cells was counted according to the criteria of differentiation stages from subtypes I to IV [10] . For statistical evaluation, data were collected from at least 3 different mice, and more than 3 measurement fields were selected from at least 3 different sections prepared from different mice. P values<0.05 were considered to be significant following Fisher's exact probability test (for abortion rate) or the Student's t-test (for plasma IgE level, placental thickness and uNK cell number).
Mice in the experimental group showed an 8.6-fold elevation of plasma IgE levels (Fig. 1) . Pregnant uteri contained spontaneously absorbed implantation sites that had shrunk in size and changed in color to dark-red. The abortion rate was higher in the experimental group at both days 10 and 12 (Table 1) , although a statistically significant difference was not detected because of the large standard deviation (SD). The placentas of the experimental group showed a reduced thickness at day 12 as compared to control placentas, but the reduction was not statistically significant (Fig. 2) . The ratios of each placental component area in the control and experimental groups, respectively, were as follows: (Day 10) metrial gland (MG): 27.4% and 26.3%; decidua basalis (DB): 43.1% and 45.8%; placental labyrinth (PL): 29.6% and 27.8%; (Day 12) MG: 20.7% and 28.3%; DB: 20.9% and 19.8%; PL: 58.4% and 51.9%. The DB and PL tended to be reduced in the experimental group. Apparent pathological changes were not observed in the experimental group placentas. The metrial gland and decidua basalis regions contained many uNK cells that were DBA-lectin positive (Fig. 3A) . At most developmental stages, the number of uNK cells was smaller in the placentas of the experimental group as compared to the control group (Fig. 3B) . In particular, a significantly lower density was observed on the immature type I uNK cells in the metrial gland region of experimental group placentas.
The present study showed a negative influence of AD and severe hyperimmunoglobulinemia on fetal survival, placental formation and appearance of uNK cells in placentas, but these effects seemed to be non-fatal. Insufficient uNK cell recruitment is considered to negatively affect reproductive performance in NC/Nga mice. Paffaro et al. suggested subtype I uNK cells as immature progenitor cells recruit from peripheral blood to pregnant uteri [10] . For vascular recruitment, plural adhesion molecules are required for uNK cell settlement in uteri [5] . Under allergic conditions, the microenvironment of adhesion molecules is modified by the IL-4 effect to elevate vascular cell adhesion molecule (VCAM)-1 and eotaxin, resulting in the activation of eosinophils and basophils [11] . Reactivity to eotaxin has been observed especially on the CD56 dim NK cell subset, which is a cytotoxic subtype of human NK cells, while human CD- 56 bright NK cells, which are analogous to mouse uNK cells, hardly show responsiveness to eotaxin [14] . Modification of the adhesion molecule pattern may induce the functional decline of uNK cells and inadequate vascular reconstitution [1, 9] , resulting in a less efficient blood supply and reduced fetal survival. Additionally, since some atopic dams showed a high abortion rate, hyperimmunoglobulinemia itself could possibly affect the maternal reproductive system. However, a clear causal association between pregnancy loss and atopic disease could not be found in the present study. In normal pregnancy, placental trophoblasts stably express IL-4, which stimulates the release of chorionic gonadotropin and subsequently promotes the production of ovarian progesterone [13] . Thus, IL-4 itself has a direct reproductive effect that contributes to normal pregnancy. It is also possible that vascular permeability, enhanced by allergic conditions through histamine and IgE-sensitized basophils, operates positively to enhance substance exchange and fetal nutrition. To protect an embryo from the maternal immune system as a semi-allograft, the development of immune privilege in the placenta is necessary. The induction of Th-2-type cytokine dominance (IL-4, 6, 10, etc.) is crucial for immune privilege in placentas. Th-2-type cytokine dominance inhibits lymphocyte cytotoxicity and promotes the release of pregnancy-essential cytokines and hormones [13] . Profiles of Th-2-type cytokines seem to be a key factor in the effect of AD on pregnancy physiology. Cytokine profiles of AD may coincidentally promote the recovery of normal reproductive ability. This idea is consistent with our finding that AD causes little damage to the normal reproductive process. The immunological specificity of AD may resemble that of the reproductive process, e.g. antigen commonality between allergens and embryonic tissue relating to the Th-2 cytokine-dominant condition. On the other hand, a study of the differences of immunological profiles between AD and pregnancy may be necessary to evaluate the pathogenesis of pregnancy disorder. In brief, the present study raised the possibility that AD inhibits uNK cell development at an early stage and adversely influences placental formation. On the other hand, cytokine profiles evoked by AD may potentially improve the immunological conditions for adapting to reproductive physiology.
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